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Many proteins require bound metals to achieve their
function. We take advantage of increasing structural
data on metal-binding proteins to elucidate three
properties: the involvement of metal-binding sites
in the global dynamics of the protein, predicted by
elastic network models, their exposure/burial to
solvent, and their signal-processing properties indi-
cated byMarkovian stochastics analysis. Systematic
analysis of a data set of 145 structures reveals
that the residues that coordinate metal ions enjoy
remarkably efficient and precise signal transduction
properties. These properties are rationalized in terms
of their physical properties: participation in hinge
sites that control the softest modes collectively
accessible to the protein and occupancy of central
positions minimally exposed to solvent. Our obser-
vations suggest that metal-binding sites may have
been evolutionary selected to achieve optimum allo-
steric communication. They also provide insights
into basic principles for designing metal-binding
sites, which are verified to be met by recently
designed de novo metal-binding proteins.
INTRODUCTION
Metal-binding proteins are associated with a variety of cellular
functions. Some of themplay roles in transport and cell signaling;
others act as cofactors that are incorporated into enzymes to
provide structural support while stabilizing functional conforma-
tions, or they directly participate in chemical reactions during
enzyme catalysis (Kendrik et al., 1992; Tainer et al., 1992).
A number of web servers and databases (DBs) have been devel-
oped to annotatemetal-binding proteins (Babor et al., 2008), and
tools based on machine learning techniques such as support
vector machines, neural networks and Bayesian classifiers
have been developed for predicting metal-binding sites (Lin
et al., 2005, 2006; Passerini et al., 2006, 2007; Ebert and Altman,
2008) using the known structures of bound or ‘‘holo’’ proteins as
training data set. Edelman, Sobolev, and coworkers (2008)
developed such an algorithm for predicting binding sites
for transition metals—i.e., those associated with ‘‘catalytic,
co-catalytic, or structural’’ roles (Babor et al., 2008). These1140 Structure 18, 1140–1148, September 8, 2010 ª2010 Elsevier Ltmetals are coordinated by three or more amino acids. Cysteine
(C), histidine (H), glutamatic acid (E), and aspartic acid (D) are
the most frequently observed metal-binding residues (Auld,
2001; Golovin et al., 2005; Babor et al., 2008), and are referred
to as the ‘‘CHED’’ category of metal-binding residues.
Many recent studies show that the collective dynamics of
proteins is tied to their mechanism of function. Proteins possess
the ability to undergo a distribution of collective changes in
conformation, or modes of motions, at their equilibrium or
native state, which accommodate, if not facilitate, their function
(Bahar et al., 2007). Coarse-grained normal mode analysis
(NMA) methods have found widespread use in characterizing
these collective motions. In particular, elastic network models
(ENMs) have found broad utility in conjunction with NMA, after
the work of Tirion (1996), Bahar and coworkers (Bahar et al.,
1997; Haliloglu et al., 1997), and Hinsen (Hinsen, 1998; Hinsen
et al., 2000) that showed that cooperative movements that
underlie many activities can be captured by network models.
The three major reasons behind the use of the ENMs are their
simplicity, the robustness of the predicted modes of motions
in the low frequency regime, also called the softest modes,
and the functional significance of these modes indicated
by numerous applications (Cui and Bahar, 2006; Bahar et al.,
2010).
These studies reveal that functional residues possess unique,
structure-encoded properties that enable their function. For
example, in a study of the relation between soft modes and cata-
lytic activity for a series of enzymes, Yang and Bahar (2005)
found that catalytic residues tend to be located near ‘‘key
mechanical sites.’’ Here key mechanical sites refer to hinge sites
or anchors that mediate the softest modes of motions, also
called ‘‘global modes,’’ as predicted by the Gaussian Network
Model (GNM) (Bahar et al., 1997; Haliloglu et al., 1997). The prob-
ability of finding a catalytic residue among these key mechanical
sites turns out three to four times higher than that from a ran-
dom search. Such spatial proximity has been proposed to be
a prerequisite for efficient coupling between chemical and
mechanical activities (Yang and Bahar, 2005). A further study
of signal propagation pathways using a Markovian stochastic
model showed that allosteric structures are predisposed to
instigate efficient communication mechanisms favored by
their inherent network topology (Chennubhotla and Bahar,
2007).
Following a similar premise, we have analyzed the collective
dynamics of a representative set of metal-binding proteins.
The questions we asked were as follows: do metal-binding sites
possess structure-induced dynamic properties that enable theird All rights reserved
Figure 1. Functional Distribution of holo Proteins
in the Database of Metal-Binding Proteins Pres-
ently Examined
The data set contains 145 holo proteins. The majority of
these structures are enzymes, and their distribution
among different enzymatic classes is shown in the lower
pie chart. Functional annotation was done using UniProt
and PDB (Berman et al., 2000; Jain et al., 2009). See
also Tables S1–S3.
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Intrinsic Properties of Metal-Binding Sitesinvolvement/assistance in many activities? Are they distin-
guished by specific features or specific positions in the structure,
which enable them to achieve their role in the activity of the
proteins that bind them? Do they share some common design
features (apart from those structurally known) that confer effi-
cient cooperation and communication across the proteins?
A representative data set of metal-binding proteins previously
used by Babor et al. (2008) has been adopted here for a system-
atic analysis. Figure 1 shows the broad range of functions repre-
sented by these proteins. 64%of them are enzymes with a diver-
sity of biochemical activities, and the remaining 36% are almost
equally distributed among other functions. We examined several
properties of metal-binding residues, and compared them with
those of the nonmetal-binding amino acids of the same type.
First, we focused on the soft modes predicted by the GNM,
to see whether any dynamic role is assumed by metal-binding
sites (apart from their chemical role of coordinating the ligand).
Second, we examined their solvent accessibility. Third, using
information-theoretic spectral methods, we mapped the signal
flow pathways inherently accessible to these structures, and
see if/how metal-binding sites are involved in establishing allo-
steric communication. The results presented here for a set of
145 holo proteins demonstrate that metal-binding residues
occupy low mobility regions in the global modes; i.e., the stabi-
lization of the bound metal results not only from local geometry
and energetics, but from a global optimization of the intrinsic
dynamics of the overall protein. These residues also tend to be
buried in the structure, despite being polar or charged. Our study
further shows that metal-binding sites serve as efficient signal
transduction centers, suggesting that their particular location
on the three-dimensional structure has been evolutionarily opti-
mized to achieve most cooperative effects. The observed
propensities provide guidelines for designing potential metal-
binding sites in proteins, which are verified to be fulfilled by de
novo metal-binding proteins.Structure 18, 1140–1148, September 8,RESULTS AND DISCUSSION
Data Sets
The analysis has been performed using 175
metal-binding proteins’ structures deposited in
the Protein Data Bank (PDB) (Berman et al.,
2000). Sixty of these structures refer to metal-
binding proteins that have been resolved in
both apo and holo forms. Table S1 (available
online) lists the PDB codes, chain identifiers,
lengths (number of resolved residues, N) of
these structures, along with the identities of
bound metals and metal-binding residues, andthe rmsds between the two forms, both for the backbone and
the metal-binding site. The rmsds averaged over all pairs are
0.389 ± 0.351 and 0.221 ± 0.332 A˚ for the backbone and
metal-binding sites, respectively (last row in Table S1), indicating
that the proteins exhibit minor changes in structure upon metal
binding. Data sets II and III include an additional 115 metal-
binding proteins structurally resolved in holo form only (Tables
S2 and S3). The complete set of 145 holo structures include all
those compiled by Edelman et al. (Babor et al., 2008), except
for those whose ligand-binding sites could not be identified/
verified using the MetalloProtein Database (Castagnetto et al.,
2002), or those which have more than 90% sequence similarity
with respect to a member of the data set. The bound metals
include Zn (most frequent), Co, Ni, Fe, Mn, and Cu.
APO and HOLO Forms Exhibit Similar Global Dynamics
Figures 2A–2D illustrates the global mobility profiles of a few
metal-binding proteins in the softest modes of motions. Global
mobility profiles refers to the normalized distributions of the
square displacements of residues in the lowest frequency
GNM mode. Mobile regions appear as peaks, whereas minima
are regions with restricted movements that often pack functional
residues in well-defined geometries. Figures 2A0–2D0 display the
color-coded ribbon diagrams for the respective proteins. Metal-
binding residues are indicated by filled circles (Figures 2A–2D)
and displayed in space-filling representation (Figures 2A0–2D0).
Figures 2A and 2B compare each of the global mobility profiles
obtained for the holo and apo forms of the same protein. The
close superposition of the pairs of curves in each panel suggests
that there is no observable difference between the global mode
profiles of the metal-bound and -free forms. This trend is seen
in practically all of the 30 pairs of structures resolved in the pres-
ence and absence of bound metal (data set I). The last two
columns in Table S1 list (1) the correlations between the global
mobility profiles of the two forms, and (2) the correlations2010 ª2010 Elsevier Ltd All rights reserved 1141
Figure 2. Global Dynamics ofMetal-Binding
Proteins Illustrated for Four Cases
(A–D) Fluctuation profiles obtained by the GNM for
four metal-binding proteins in holo form.
(A) 1MUC a muconate lactonizing enzyme with
bound Mn2+.
(B) 1VLX an electron transport protein with bound
Co2+.
(C) 1JFZ an RNase III endonuclease with bound
Mn2+.
(D) 1HP7 an antitrypsin binding Zn2+.
The curves represent the normalized distributions,
or histograms, of square fluctuations, as a function
of residue number, in the softest modes acces-
sible to each structure. The yellow markers show
the loci of metal-binding residues. These tend to
occupy positions near local or global minima. (A)
and (B) compare the profiles for the holo (red
dashed curve) and apo (blue curve) forms and
illustrate that the two forms show minimal, if any,
change in their global mode profile.
(A0–D0) Ribbon diagrams of the four proteins in
their holo forms, color-coded according to GNM
softest mode profiles in (A)–(D), from blue (most
rigid) to red (most mobile). The metal-binding sites
are shown in space-filling representation, and the
metal ions in pink. Note that metal-binding sites
are highly constrained in general (shown in blue),
except for the structure in (A) and (A0).
See also Tables S1–S3.
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Intrinsic Properties of Metal-Binding Sitesbetween the X-ray crystallographic B-factors experimentally
observed for the two forms. An average correlation of 0.936 is
obtained between the global mobilities of the apo and holo
forms, whereas their B-factors, which scale with the mean-
square fluctuations (MSFs) or residues as Bi = (8p
2/3) < (DRi)
2 >
exhibit an average correlation of 0.745. These results indicate
there are some differences in the MSFs of residues in different
forms, which may arise from minor structural differences
between the two forms as well as different packing geometry
(intermolecular contacts) and other effects such as static dis-
order in the crystal structures. The global mobilities, on the other
hand, are insensitive to small differences in structure, consistent
with the well-established robustness of softest modes (Nicolay
and Sanejouand, 2006; Tama and Brooks, 2006).
These results confirm that the global dynamics of a given
protein is a collective property of its overall architecture, and
ligand/metal binding has minimal, if any, effect on its intrinsically
accessible soft motions, in accord with previous experimental
and computational observations made for liganded and unli-
ganded forms of enzymes (Eisenmesser et al., 2005; Tobi and
Bahar, 2005; Yang and Bahar, 2005; Lange et al., 2008; Bakan
and Bahar, 2009). In view of the insensitivity of the global modes1142 Structure 18, 1140–1148, September 8, 2010 ª2010 Elsevier Ltd All rights reservedto the presence/absence of bound metal,
we focus on the dynamics of 145 holo
proteins listed in data sets I, II, and III.
Metal-Binding Sites Have
Restricted Fluctuations
Next, we examined whether metal-
binding sites occupy positions coincidingwith, or close to, key mechanical sites in the three-dimensional
structure of the proteins. Key mechanical sites serve as
hinges/anchors in the global modes, and as such they appear
as minima in the global mode profiles. Figures 2A–2D indicate
a tendency of metal-binding sites (indicated by yellow circles)
to be located near minima (local or global), although this trend
is not that distinctive. Likewise, the color-coded diagrams in
Figures 2A0-2D0 also indicate relatively low mobilities (blue
regions) at metal-binding residues (shown in space-filling repre-
sentation), although departures from this behavior are also
observable (e.g., Figure 2A0).
Toward a more critical assessment of the relationship, if any,
between metal-binding sites and key mechanical sites, we per-
formed a comparative analysis of the mobilities of three groups
of residues: all residues, metal-binding CHED (Cys, His, Glu,
and Asp) residues and all other CHED residues in the data
sets I–III.
The results are presented in Figure 3. Figure 3A displays the
histograms of mobilities for the three subsets. For comparative
purposes, the mobilities were normalized in the range [0, 1] for
each protein. Metal-binding CHED residues, indicated by the
red bars, exhibit a clear bias toward lower mobilities compared
Figure 3. Comparison of the Global Mobilities of Different Types of Residues
(A) Histograms of mobilities for three different groups of residues: metal-binding CHED, all CHED (green), and all (blue) residues. Mobilities are normalized in the
range [0, 1], and results are shown for 21 bins at an interval of 0.05; the first bin refers to the count of residues having mobilities in the range from 0.00 to 0.05 and
so on, expressed as probabilistic occurrence on the ordinate.
(B) Cumulative distributions of mobilities for the same three groups of residues.
(C–F) Same as in (A), for specific amino acids atmetal-binding and other (green) locations. Metal-binding ‘‘HED’’ residues exhibit mobilities significantly lower than
their nonmetal-binding counterparts, while cysteines (‘‘C’’) show the opposite trend. See Table S4 for the number of residues in each subset, along with the mean
and covariance values corresponding to the histograms in (A) and (C)–(F). The numbers in parenthesis in the insets show average mobilities.
See also Tables S4 and S5 and Figures S1 and S2.
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Intrinsic Properties of Metal-Binding Siteswith the residues in the other two groups. This is despite the fact
that CHED residues are charged or polar and tend to positioned
on the surface of the protein, thus enjoying higher mobility as
compared with other residues. The mean values and variances
corresponding to the three distributions are 0.24 ± 0.27 for all
residues and 0.26 ± 0.28 for nonmetal-binding CHED, and
0.17 ± 0.22 for metal-binding CHED (Table S4). The variance is
high because of the long-tail of the distributions. Figure 3B pres-
ents the same results as cumulative distributions. Almost 65%of
metal-binding CHED residues have mobilities lower than 0.1.
In Figures 3C–3F, we take a closer look at each type of CHED
residues and compare the mobilities of the metal-binding and
nonmetal-binding subsets. Among these four types of amino
acids, it is interesting to note that cysteines exhibit a fundamen-
tally different behavior: while metal-binding His, Glu and
Asp possess a significantly lower mobility (in the holo forms)
compared with their nonmetal-binding counterparts, metal-
binding cysteines enjoy a higher mobility than those not involved
in metal-binding. Table S4 summarizes the mean mobilities and
their standard deviation data for group of each amino acid.
Essentially, themetal-binding HED residues displaymeanmobil-
ities around 0.12 (smaller than the averagemobility of all residuesStructure 18, 1140–11by a factor of 2), while non-metal binding HED residues are
almost indistinguishable from all other residues. Cysteines
exhibit the opposite pattern: metal-binding cysteines are even
more mobile than an average nonmetal-binding residue.
The statistical significance of the results has been tested using
three methods: (1) upon examining the distribution of the mobil-
ities of an ensemble of randomly selected residues (of the same
size as the metal-binding CHED residues), which showed that
the mean and covariance (0.24 ± 0.27) are comparable to those
of the entire ensemble, repeated and confirmed for five indepen-
dent runs; (2) performing the same type of analyses for each of
the CHED residues, which indicated the distinctive properties
of metal-binding CHED (Table S4); and (3) doing a KS test at
5% level of significance to verify that metal-binding CHED resi-
dues have a statistically significant difference in their mobility
distribution compared with their nonmetal-binding counterparts
(Table S5), except for the subset of Cys residues.
To further elucidate the distinctive properties, if any, of specific
metal-binding proteins, we analyzed the distribution of mobilities
in zinc-binding and manganese-binding proteins since they
represent themajority in the dataset (71/145 and 32/145, respec-
tively). The results for these two sets of metal-binding proteins48, September 8, 2010 ª2010 Elsevier Ltd All rights reserved 1143
Figure 4. Comparison of the Solvent Accessibilities of Metal Binding and Other Residues
(A) Histograms of solvent accessibilities for CHED residues in the two groups.
(B) Cumulative distributions for two groups of CHED residues, indicating the strong propensity of metal-binding CHED residues to be buried.
(C–F) Same as (A), for each of the CHED residues. Solvent accessibility was calculated using the constrained Voronoi procedure described in McConkey et al.
(2002) and Eyal et al. (2004). The numbers in parenthesis on the legend show average solvent accessibility.
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Intrinsic Properties of Metal-Binding Sitesare presented in the respective Figures S1 and S2. Notably,
a large number of zinc-coordinating residues are cysteines,
which increased the sample size for Cys residues, and dimin-
ished the distinctive behavior of the CHED group: the average
mobility of metal-binding CHED residues in Zn-binding proteins
was indeed found to be 0.21 (Figure S1A). This is in contrast to
Mn-binding proteins that display an average mobility of 0.097
(Figure S2A), as there are no cysteines ligating the manganese
ions (Figure S2C). The remaining ‘‘HED’’ residues show the
same trend as seen in Figure 3.Metal-Binding Residues Show Decreased
Solvent Accessibility
A comparative analysis of solvent accessibility (McConkey et al.,
2002; Eyal et al., 2004) properties sheds light on the distinctive
properties of the two subgroups of CHED residues: Metal-
binding CHED residues have much smaller solvent accessible
surface areas (SASAs) compared with nonmetal-binding
CHED, as may be viewed in Figures 4A and 4B. Figures 4D-4F
show that there is a drastic difference in the solvent exposure
of histidines, glutamates, and aspartates belonging to the
metal-binding and nonmetal-binding subgroups: the former
subgroup exhibits a distinctive preference for more buried posi-1144 Structure 18, 1140–1148, September 8, 2010 ª2010 Elsevier Lttions. Notably, 80% of metal-binding glutamates have normal-
ized SASAs smaller than 0.05, as comparedwith 10%of the non-
metal-binding glutamates. Cysteines (Figure 4C), on the other
hand, do not appear to differentiate between the two subgroups:
they tend to occupy buried positions irrespective of metal
binding. About 60% of both metal-binding and non-metal-
binding cysteines have normalized SASAs lower than 0.05.
Thus, we see a predisposition of metal-coordinating histi-
dines, glutamates, and aspartates to occupy regions with
limited, if any, exposure to solvent. This property, along with
the low mobility noted above, can be used as ‘‘features’’ in facil-
itating the identification of potentially metal-coordinating HED
residues in putative metal-binding proteins.Metal-Binding Sites Have Enhanced Signal-Propagation
Properties
Chennubhotla and Bahar (2007) have introduced a Markov
Model for describing the stochastics of signal transmission
in proteins modeled as networks of nodes and springs. Two
quantities are defined asmetrics of communication propensities:
(1) hitting time, H(i,j), which represents the number of steps
(network edges) involved in transferring a signal from residue j
to residue i, averaged over all possible paths connecting thesed All rights reserved
Figure 5. Signal Propagation Properties Illustrated for a Zn2+
Binding Protein with Endonuclease Fold
(A) Hitting timeH(i,j)map as ametric of the average duration of time, or number
of steps, required to transmit signals from residue j to i, predicted by
a Markovian model of communication (see Equation 5). Blue and red regions
correspond to shortest and longest hit times, respectively.
(B) Commute times C(i,j) = H(i,j) + H(j,i) (see Equation 6).
(C) Average hit time versus residue number, evaluated from the average ofH(i,j)
over all starting points j. Redmarkers show the metal binding residues. Almost
all of them occur at the minima of the curve, pointing to the efficient signal
transmission properties of metal-binding sites.
(D) Average hit time versus its variance for each residue. The residues that
participate in metal binding (shown in red markers) exhibit small average hit
time along with small standard deviations.
See also Figure S3 and Figure S4.
Figure 6. Comparison of the Communication Propensities of Metal-
Binding and Nonmetal-Binding CHED Residues
Results are displayed for all residues in 145 holo metal-binding proteins. The
abscissa shows the average hit time, and the ordinate shows the variance in
the hit times, both quantities being normalized with respect to the cumulative
degree of the proteins.
(A) The black markers show the position of metal-binding CHED residues;
colored points refer to all other residues.
(B) The black markers show the position of nonmetal-binding CHED. A few
outliers are highlighted in (A).
See also Figure S4 and Figure S5.
Structure
Intrinsic Properties of Metal-Binding Sitestwo endpoints, and (2) commute time, C(i,j) = H(i,j) + H(j,i). The
former depends on the direction of signal flow; the latter is inde-
pendent of the direction. These two quantities are conveniently
represented in terms of two-dimensional maps, representative
of the communication efficiency of all pairs of amino acids
in a given protein. Notably, these two information theoretic
concepts have been shown to correlate with physics-based
properties obtainable by the GNM: commute time is directly
proportional to MSFs in interresidue distances (Chennubhotla
and Bahar, 2007), residue pairs subject to small distance fluctu-
ations being able to efficiently communicate. Hitting time, on the
other hand, may be conveniently expressed in terms of theMSFs
and cross-correlations in the positions of residues (see Experi-
mental Procedures).
Calculations performed for metal-binding proteins revealed
that metal-binding sites possess uniquely efficient communica-
tion propensities. For illustrative purposes, wedisplay in Figure 5,
the types of the results for a zinc-binding protein (PDB ID: 1I6N).
The top two maps describe the hitting times (Figure 5A) and
commute times (Figure 5B) evaluated for all pairs. Notably, resi-
dues seem to have more or less uniform signal sending proper-
ties while they differ in their ability to receive signals, as evi-
denced from the insensitivity of H(i,j) to residue j. Figure 5C
displays the average receiving properties of residues, found
from < H(i) > = Sj H(i,j)/N. The red circles indicate metal-binding
residues. Clearly, these residues have very low < H(i) > values;
i.e., they are distinguished by their fast communication with all
other residues. In addition to the mean hit times per residue,Structure 18, 1140–11we also calculated the corresponding variance. The plot of the
average hit time versus its standard deviation (or variance) for
each residue in Figure 5D clearly shows that metal-binding resi-
dues have minimal hit times and minimal variance; i.e., they are
‘‘fast and precise’’ insofar as their signal transmission properties
are concerned. Note that similar features were observed for
catalytic residues in our previous work (Chennubhotla and
Bahar, 2007), suggesting that protein structures are designed
to position their functional residues at key sites enabling cooper-
ative response. Additional results for more proteins may be
found in Figures S3 and S4, which confirms the same distinctive
features.
The results for all 145 metal-binding proteins are presented in
Figure 6. As in Figure 5D, the points represent the mean
(abscissa) and variance (ordinate) of the hit times < H(i) > evalu-
ated for each residue in these proteins. In order to be able to
display the results for all proteins on the same plot, hit times
have been normalized with respect to the cumulative degree of
the proteins (seeExperimental Procedures). Black dots corre-
spond to CHED residues involved in metal binding (Figure 6A)
and other CHED residues (Figure 6B). The comparison of the48, September 8, 2010 ª2010 Elsevier Ltd All rights reserved 1145
Figure 7. Global Dynamics and Signal Transduction Properties of Metal-Binding De Novo Designed Proteins
(A) Global fluctuation profiles predicted by theGNM for a chain of 1OVU, a four-helix bundle binding Co2+ (top), and 1HZ8, a dimetal Zn2+ binding protein (bottom).
Metal binding sites are shown by the red markers.
(B) Average hitting times versus their covariance plot, for all residues in these two cases. Metal-binding residues (red circles) lie at the shortest hitting times and
smallest variance region.
(C) Ribbon diagram color-coded by signal propagation properties with the blue regions indicating fast and efficient communication, and red regions the poorest
communication properties. Metal-binding residues are shown by space-filling representation, and metals are shown by the red spheres. The metal binding sites
were identified using Ligand Explorer in the PDB.
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Intrinsic Properties of Metal-Binding Sitesdispersion of black dots in Figures 6A and 6B demonstrates that
metal-binding CHED (Figure 6A) exhibit minimal hit time and
variance compared to their nonmetal-binding counterparts
(Figure 6B). We notice, however, two clusters of outliers in
Figure 6A. The former (enclosed by a red circle) refers to a Ni2+-
binding transcription factor (PDB ID: 1B9N), also noted in
Table S1 to be an outlier. The apo form of this protein has
been resolved in the presence of molybdate ion, which elicited
a significant change in its quaternary structure (Gourley et al.,
2001), hence the difference in the global dynamics of the apo
and holo forms. The 2nd cluster (enclosed in the blue circle) in
Figure 6A refers to a DNA-binding protein that might undergo
atypical conformational changes upon DNA binding.
The above results point to the fast and effective communica-
tion property of metal-binding residues and their surroundings.
Thus, it appears that based on the inherent network topology,
proteins are intrinsically wired such that metal-binding residues
are optimally positioned to enable efficient communication.
Insights into De Novo Design of Metal-Binding Proteins
Assessment of collective motions intrinsically accessible to
a given architecture can assist in designing proteins with suitable
dynamics. Metal-binding residues emerge here as efficient
signal propagators based on equilibrium state fluctuations avail-
able to the protein and show specific and fast communication
patterns. These properties provide meaningful insights into the
architectural design of metal-binding sites. These sites ought
to be co-localized or near-neighboring with global hinges, and
they should include charged and polar residues (e.g., CHED resi-
dues) that are buried, such that they will effectively ligate the
metal and mediate the concerted motions of the surrounding
structural elements, or the signal propagation between them.
To test the validity of this conjecture, we examined two de
novo designed metal-binding proteins (Figure 7): a chain from1146 Structure 18, 1140–1148, September 8, 2010 ª2010 Elsevier Lta Co2+ bound metalloprotein in the form of a four-helical bundle
(PDB ID: 1OVU) (Geremia et al., 2005) and a dimetal binding
protein with Zn2+ (PDB ID: 2HZ8) (Calhoun et al., 2008). The
global mode shape predicted by the GNM (Figure 7A) as well
as signal propagation properties reflected by the mean value
and covariance of hitting times for each residue (Figure 7B)
clearly show that the metal-binding residues occupy key
mechanical positions (minima in global mode) and have fast
and precise communication capacities. Thus such inherent
properties are also present, perhaps inadvertently, in the design
of these proteins.
Conclusion
With increasing structural data onmetal-binding proteins, we are
now in a position to gain insights into the structural and dynamic
features of metal-binding sites, and their significancewith regard
to the catalytic, transport, and signaling properties of the metal-
binding proteins. Our results show that metal-binding sitesmight
have an inherent preference to undergo minimal fluctuations in
their positions, occupy central/buried positions despite being
polar or charged, and possess unique signal transduction prop-
erties. These three properties are not necessarily independent:
more buried residues usually tend to have more restricted mobil-
ities, and their tight packing confers efficient signal propagation
properties. The fluctuations and signaling properties derived
here are both based on network models: GNM for collective
dynamics, and Markovian network model for allosteric commu-
nication. As described in the methodology, the residue fluctua-
tions derived from the GNM relate to commute/hit times.
Notably, the distinctive behavior of metal-binding His, Asp, and
Glu becomes more prominent when their signaling properties
are examined, suggesting that these sites might be evolutionary
selected to optimize the allosteric communication across the
protein.d All rights reserved
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Intrinsic Properties of Metal-Binding SitesThe study provides us with insights into simple design princi-
ples: the protein architecture uniquely encodes an ensemble of
equilibrium motions, some being more probable than others.
Functional residues/sites are usually implicated in some major
way (e.g., hinge-bending, redistribution of salt bridges, confor-
mational switches) in the softest motions, which are readily trig-
gered by external perturbations (e.g., ligand binding). Metal-
binding residues are indeed shown here to be located at/near
such key mechanical positions (global hinge centers) to readily
elicit cooperative responses.
The above arguments are exclusively based on topological
properties of network models representative of protein struc-
tures. As such, they provide information on purely entropic
driving forces. The results obtained here suggest that the
entropic driving forces inherent to the geometry/architecture of
the metal-binding proteins ascribe efficient mechanical and
signal transduction properties to metal binding sites.
EXPERIMENTAL PROCEDURES
GNM
GNM is a coarse-grained model for predicting the fluctuation dynamics of
proteins. The a-carbons of the folded protein are chosen as the nodes of the
network, and these nodes are connected by springs of uniform force constant
if they are located within a cutoff distance rc generally taken to be 7.0 ± 5 A˚
(Bahar et al., 1997; Kundu et al., 2002). The dynamics of the network is fully
defined by the NxN Kirchoff or connectivity matrix G, where the off-diagonal
elements are 1 if the distance between residue i and j is less than rc and
0 otherwise. The diagonal term i denotes the degree of the ith residue, and
thus the columns sum to zero. The MSFs of residues and the cross-correla-
tions between residue fluctuations are given by (Bahar et al., 1997; Haliloglu
et al., 1997):D
ðDRiÞ2
E
= ð3kT=gÞG1
ii
and

DRi$DRj

= ð3kT=gÞG1
ij
: (1)
The network composed of N nodes has N-1 independent modes of motion.
These are extracted by eigenvalue decomposition G = ULUT. U is the orthog-
onal matrix whose kth column uk is the k
th mode eigenvector, and L is the
diagonal matrix of eigenvalues, lk. < DRi . DRj > can be written in terms of
the sum of the contribution of each mode as

DRi$DRj

= ð3kT=gÞ
X
k

l1k uk u
T
k

ij
: (2)
Thus, (DRi)
2
k = (3kT/g) [lk
-1uk uk
T]ii gives the square fluctuation in mode k,
and since the eigenvectors are normalized, [uk uk
T]ii as a function of residue
i represents the probability distribution of residue square fluctuations in
mode k (Bahar et al., 1997; Haliloglu et al., 1997). In the application of the
GNM to metal-binding proteins, the metal ions of the 30 holo proteins in
data set I have been accounted for by including an additional node/site the
coordinates of which coincide with that of the bound metal. Comparison of
the softest modes computed with and without such additional nodes
confirmed that the global dynamics of the proteins are maintained with an
average correlation coefficient of 0.9975. Further calculations with holo
proteins were performed without including in the GNM the metal ion node.
We provide in Table S2 the correlation coefficient between themean-square
fluctuations of residues, < (DRi)
2 > , predicted by the GNM for each protein and
those indicated by the corresponding X-ray crystallographic B-factors Bi =
(8p2/3) < (DRi)
2 > . The average correlation coefficient is found to be 0.61
provided that all subunits/monomers in the PDB entry are considered in the
GNM. Note that the correlation was improved (from 0.53 to 0.61) upon per-
forming GNM calculations for all chains of multimeric proteins.
Markov Process and Equilibrium Distribution
According to the discrete time, discrete state Markov model developed for
exploring the propagation of perturbations in proteins (Chennubhotla andStructure 18, 1140–11Bahar, 2007), the strength of the interaction between pairs of residues is given
by the ijth element
aij =Nij
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
NiNj
p
(3)
of the affinity matrix A. Here Nij is the total number of heavy atom contacts
between residues i and j, and Ni is the number of side-chain atoms in residue
i. The local interaction density dj is given by dj = Si aij, and organized as the
diagonal elements of the degree matrix D diag{dj}. Residue pairs with higher
affinity undergo more efficient communication. The conditional probability of
transmitting a signal from residue j to residue i in one time step is given by
the ijth element
mij =d
1
j aij (4)
of the conditional probabilitymatrixM =AD-1.M fully defines the stochastics of
information diffusion across the structure. The hitting time for the transfer of
a signal from residue j to residue i is given by (Chennubhotla and Bahar,
2007; Chennubhotla et al., 2008)
Hði; jÞ=
XN
k = 1
n
G1

kj
G1
ij
G1
ki
+

G1

ii
o
dk ; (5)
where G is readily evaluated from G = D – A. We note that H(i, j) is a function of
the cross-correlations between residue fluctuations (see Equation 1). Like-
wise, the commute time C(i,j) is expressed in terms of residue fluctuations,
using
Cði; jÞ= G1
ii
+

G1

jj
2G1
ij
XN
k =1
dk =

DRij$DRij
" g
3kT
XN
k = 1
dk
#
: (6)
We note that the last term in square brackets is a constant, and increases
linearly with the size of the protein (Figure S5). This quantity was used to
normalize average hit-time values and standard deviations, to bring the values
in all proteins to the same scale.SUPPLEMENTAL INFORMATION
Supplemental Material includes five figures and five tables and can be found
with article online at doi:10.1016/j.str.2010.06.013.
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